Abstract-This paper presents the development of a highperformance micromachined capacitive accelerometer for detection of sonar waves. The device is intended to replace existing hydrophones in towed array sonar systems, and thus, needs to meet stringent performance requirements on noise, bandwidth, and dynamic range, among others. The in-plane, single-axis accelerometer is designed based on a mode-tuning structural platform. A frame was used instead of a solid plate for the proofmass of the device, allowing us to push undesired vibration modes beyond the operating bandwidth of the device while enabling us to employ a portion of the area for capacitive sensing elements. The designed accelerometer was fabricated on a silicon-on-insulator wafer with 100-µm device layer with capacitive gaps of ∼2.2 µm. The sensitivity of the accelerometer is 4 V/g with a noise spectral density of better than 350 ng/ √ Hz. The fundamental resonant frequency of the device is 4.4 kHz. The open-loop dynamic range of the accelerometer, while operating at atmospheric pressure, is better than 135 dB with a cross-axis sensitivity of less than 30 dB.
employs a large number of hydrophones in order to locate the source of emitted or reflected acoustic signals. A towed array is made by arranging hydrophones as sensing nodes along a linear array at regular intervals within an elastomeric hose that is deployed behind a vessel underneath the sea surface. The acoustic signal arriving from a distant source reaches each hydrophone within the array at a slightly different time. Using the Time Difference of Arrival (TDoA) method, the location of the source can be determined [2] . However, there is a leftright ambiguity in the recognition of the source location due to the inverse trigonometric function operations (i.e., there are two mirrored, valid solutions for the location of the signal source on either side of the towed array). To resolve this ambiguity, each single hydrophone at each node is replaced with four hydrophones which are placed at the corners of a square. The time difference between the signals received by the four hydrophones is used to determine the orientation of the signal. The diameter of the circular array needs to be a significant fraction of the wavelength [3] . Otherwise, the difference-output signal between the hydrophones in a single node will be too small to resolve the ambiguity issue. A typical towed array cable is about 10cm in diameter and can be several hundred meters long. As the towed array needs to stay buoyant, such a system can weigh several tons [4] . The volume, weight, speed, and minimum achievable radius of the towed array put stringent requirements on the winch that deploys or retrieves the array. Consequently, a major portion of the cost of towed array systems is spent on the winch that can meet the size, power, and speed requirements for the application. Additionally, the size and power requirements for the winches are only met by the larger naval vessels. To use the towed array systems on smaller ships, it is required to significantly reduce the diameter of the array.
An alternative method for detecting the acoustic waves is to utilize neutrally buoyant particle acceleration sensors; i.e. accelerometers. Unlike hydrophones, the output of an accelerometer is proportional to both amplitude and direction of their input signal. A neutrally buoyant object that is small compared to the acoustic wavelength has similar acceleration characteristics to the acoustic wave [5] . According to Newton's second law applied to fluid particles, the pressure gradient (∇ p) in a fluid with density ρ 0 is proportional to the fluid's particles acceleration (a) through ∇ p = −ρ 0 a [3] . Therefore, a single 2-axis particle acceleration sensor, or two stacked single-axis accelerometers, can substitute the quad hydrophone module at each node. Upon this substitution, Fig. 1 . Comparison of micro-accelerometers based on reported performance of bandwidth and noise floor [10] , [11] , [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
the diameter of the carrier hose in the towed array could be decreased down to the diameter of a single micromachined accelerometer. However, detection of sonar waves places rather challenging requirements on the performance of accelerometers. The noise floor of the accelerometer should be less than 0.5μg/ √ Hz to be able to operate down to quiet ocean ambient levels, where g is the acceleration due to earth's gravity (1g ≈ 9.81m/s 2 ) [6] . The dynamic range of the accelerometer should be more than 140dB (within a 1-Hz bandwidth) to enable it to listen to weak echoes while the ship transmitter is operating. The accelerometer needs to cover a fairly wide frequency range, typically between 50Hz and 4.2kHz plus DC. The combination of these requirements present a multitude of challenges and trade-offs for the design of accelerometers that can be used for sonar applications.
Several high-performance accelerometers have been developed for various applications over the past few decades, with the majority trading noise performance with bandwidth [7] [8] [9] . Liu and Kenny [10] developed an electron tunneling accelerometer aimed at the underwater acoustics applications. This accelerometer operated at a pressure of about 1 Pa to achieve a noise level of 20ng/ √ Hz. The mechanical bandwidth of the system was increased from its resonance frequency of 100Hz to above 1kHz using a feedback controller. This device, however, required a complicated manufacturing process and a sophisticated controller for the highly nonlinear tunneling transduction. Laine and Mougenot [11] developed a capacitive low noise accelerometer with an 800Hz closed-loop bandwidth. This accelerometer has a reported noise level of 10ng/ √ Hz at 70Hz with a dynamic range of 130dB. This accelerometer is commercialized as part of a land seismic acquisition system [12] . Gannon et al. [13] , [14] developed a capacitive analog servo accelerometer. The reported noise level of the accelerometer is 100 ng/ √ Hz at 200Hz with bandwidth and dynamic range of 200Hz and 115dB, respectively. Milligan et al. [15] developed a two axis, in-plane capacitive MEMS accelerometer. The noise level of the accelerometer was measured to be 10ng/ √ Hz at full bandwidth of 200Hz with a dynamic range of 120dB. A wide bandwidth along with sub-μg/ √ Hz noise floor was reported for an opto-mechanical accelerometer which was developed by Cervantes et al. [16] . This optical accelerometer is a combination of a mechanical fused-silica oscillator and fiber-optic micro-mirror cavities. The noise floor of this device was reported to be 100ng/ √ Hz for the frequencies between 1.5kHz and 10kHz. However, because of the complex packaging and interface requirements, optical accelerometers are not still viable candidates for most applications. Fig. 1 compares the high-performance accelerometers reported in the literature in terms of their noise and bandwidth specifications. Despite the ongoing interest and efforts in this field, there is no high-performance accelerometer that can meet all the requirements for sonar wave detection. This paper is a study to develop a single axis capacitive in-plane accelerometer with sub-μg noise floor, wide bandwidth, and high dynamic range for sonar wave detection.
II. DEVICE DESIGN
The two main design criteria for the accelerometer system in this research were noise level of less than 0.5μg/ √ Hz and bandwidth of better than 4.2kHz. In this section, first, the two major challenges in designing low noise, wide bandwidth capacitive accelerometers are explained. Afterward, the mode-tuning platform to address these challenges is elaborated [28] .
A single axis accelerometer can be modelled by a second order mass-damper-spring system. The fundamental resonance frequency (ω 0 ) of the accelerometer system for vibrations in the sense direction is:
where K ef f and M e f f are the effective stiffness and mass of the mechanical structure in the sense direction, respectively.
At frequencies far below the resonance frequency, the displacement of the proof-mass (y) is given by:
where a in is the applied acceleration along the sense axis. As evident from Equation (2), the low-frequency proof-mass displacements are quadratically proportional to the inverse of the resonance frequency, presenting a challenge in measurement of displacements for devices with high resonant frequencies. Even though some sensing techniques employ structures beyond their resonance frequencies, in most cases, the mechanical resonance frequency is considered to be the upper limit for the operating frequency of a system due to the rapid decline of signal at higher frequencies. Taking DC to fundamental resonance frequency as the operating bandwidth of the sensor, Equation (2) demonstrates the explicit inverse relationship between the proof-mass displacements and the square of the desired operating bandwidth. To be able to measure exceedingly small proof-mass displacements, one needs to improve the rate of capacitance change per displacement of proof-mass. Using an interface circuit that measures the absolute changes in capacitance, decreasing the sensing gap or increasing the area between the sensing electrodes will improve the overall sensitivity of the system. The lower limit for the capacitive sensing gap is typically dictated by the achievable aspect ratio in the etching process. The capacitive sensing area can be increased by employing a larger number of fingers in a comb structure, which can lead to an increase in device's surface area. Design with a proof-mass with a large surface to thickness ratio would entail undesired out-of-plane vibration modes, including asymmetric modes, into the working bandwidth of the device. The combination of inter-related phenomena described in the above remain main challenges in designing high-performance, wide-bandwidth accelerometers.
Another challenge in designing high performance accelerometers is meeting the low-noise requirements. If the noise sources are uncorrelated, the total noise equivalent acceleration (TNEA) of the accelerometer system is due to the mechanical noise equivalent acceleration (MNEA) and electrical noise equivalent acceleration (ENEA):
ENEA is essentially produced by the electronic components. The MNEA is found from [29] :
where k B is Boltzmann constant, T is the operating temperature in Kelvin, and Q is quality factor of the system. The MNEA can be practically reduced by increasing the effective mass of the moving structure (M e f f ) or increasing the quality factor (Q). For most micromachined structures, viscous damping is the dominant loss mechanism. Quality factor can thus be increased by placing the device under vacuum. In addition to the cost and challenges of maintaining a stable level of vacuum within the package, increasing the Q presents practical challenges such as out-of-band excitation, ringing, and difficulty in feedback control. On the other hand, a large proof-mass necessitates a large surface area for the device due to the limitations in the thickness of the structural layers for MEMS devices. Such a plate with a small thickness to length ratio can have unwanted flexural modes within the desired operational bandwidth of the device.
To address the aforementioned challenges, the proof-mass structure was modified to push the undesired resonant modes past the operating bandwidth of the device. In order to suppress the unwanted flexural modes, elastic elements and anchor points were placed within the plate that constitutes the proofmass of a device. We also populated a portion of the internal area of the proof-mass with comb-fingers to improve the device sensitivity. These modifications essentially converted the proof-mass from a solid body to a moving frame. The location of anchors and sensing elements was determined through an iterative process aimed at suppressing unwanted mode shapes. It is noteworthy that addition of each mode suppression element changes the dynamic response of the structure. Additional elements were added to the best existing modified structure as needed. Fig. 2 shows the schematic design of the proposed accelerometer with modified proof-mass structure, illustrating the moving frame for the proof-mass, suspension beams, anchor points. The sensing axis of the accelerometer is along the y-direction. As shown in Fig. 2 , the accelerometer has twelve elastic elements: six within the frame and six around it. These elements together provide the needed stiffness for the first mode, while collectively act to suppress undesired the flexural vibration modes. Using finite element models in CoventorWare™, mode shapes and frequencies for the accelerometer were obtained. The dynamic analysis of the accelerometer shows that the first resonance frequency of the accelerometer corresponds to an in-plane vibration mode with a frequency of 4.6kHz. Fig. 3 shows the first four mode shapes of the accelerometer. The second mode is away from the first mode by more than 6kHz.
After designing the mechanical structure of the accelerometer, the sensing electrodes, which are the capacitive comb structures, were optimized. In transverse capacitive comb configuration, the combs on the proof-mass move relative to the combs which is fixed to the substrate. As shown in Fig. 4 , with only one routing layer available, each moving comb finger is located between two stationary fingers with different gaps, d 0 , and dd 0 , forming 2 parallel capacitors, C t and C b . As the proof-mass moves, the changes in capacitances of these two capacitors oppose each other. The total capacitance changes are dominated by the variations in the smaller gap. In order to decrease the adverse effect of the large gap on the capacitance change, it is desirable to increase the larger gap as much as possible. However, this would entail an inefficient use of the possible chip area. Hence, in order to achieve maximum sensitivity, a compromise should be established between the number of comb fingers (n) and the dd 0 /d 0 ratio. The relation between changes in capacitance value (C), small gap value (d 0 ), finger width (W ), and gap ratio (α = where y is the relative displacement of the fingers from their initial position which is equal to the proof-mass displacement. Taking into account the maximum achievable aspect ratio, i.e., the thickness of the structural layer over the minimum achievable gap between electrodes, an optimized value for α can be obtained. Fig. 5 demonstrates the achievable capacitance change rates for the targeted dimensions of the accelerometer and the minimum achievable gap in our fabrication process (∼2.2μm). As seen, a ratio of α = dd 0 d 0 ≈ 3 maximizes the change in capacitance for a given displacement of the proof-mass.
III. FABRICATION PROCESS
The accelerometer was bulk micro-machined on SiliconOn-Insulator (SOI) wafer. A P-type (100) SOI wafer with 0.01-cm resistivity was used as the starting material, comprising a 100μm device layer, a 5μm buried oxide (BOX) layer, and a 500μm handle layer. Fig. 6 summarizes the fabrication process of the accelerometer. The process comprised a three masks process which included 2 lithography steps and a shadow mask. The shadow mask was used to deposit coarse gold mounting areas on the backside of the wafer as needed for the packaging step. Lithography was performed to define the metal contact pads. Following that, 20nm of chromium and 200nm of gold were deposited on the device layer of the SOI wafer using physical vapor deposition and lift-off process. In the next step, a 2.2μm layer of silicon dioxide was deposited on the device layer using plasma enhanced chemical vapor deposition (PECVD). This layer was used as a hard mask for Deep Reactive Ion Etching (DRIE). After patterning the hard mask in a Reactive Ion Etching (RIE) process, the device layer of the wafer was etched by DRIE. The wafer was diced using Stealth Laser Dicing technology [30] . Finally, the chips were released by etching the buried oxide (BOX) layer using vapor hydrofluoric (HF) acid, which also removed the PECVD oxide from the top surface and electrodes. The released devices were then individually packaged in leadless ceramic chip carriers using gold-tin solder as the adhesive between the gold layer on the backside of the chips and the package. The die attach process was performed in a reflow vacuum oven. The packaged devices were wire bonded using a semi-automatic wire bonder. It is possible to control the pressure inside the package using gold-tin sealing rings to solder a lid to the package, if desired. The devices reported in this paper were tested under atmospheric pressure. Fig. 7 shows a cross-section of etched structures, a top-view of the accelerometer, and a packaged accelerometer. The elastic beam elements, anchors, etch holes, and the electrodes can be clearly observed. The DRIE process could achieve a depth to gap ratio of 100μm:2.2μm.
IV. INTERFACE ELECTRONICS
In order to convert the capacitive changes of the accelerometer to a voltage, a transimpedance amplifier (TIA) combined with a synchronous demodulator is used as the interface circuit. Synchronous demodulation helps to extract the small output signal of the accelerometer by providing excellent control over the noise bandwidth and performing the signal amplification at frequencies above the 1 f noise corner of typical amplifiers. Fig. 8 shows the simplified block diagram of the readout circuit. Two sense combs are driven by sinusoidal signals with 180 • phase difference and the output signal is read through the proof-mass. The proof-mass potential is held at virtual ground by the TIA. The accelerometer's output current goes through the feedback resistor (R f ) and is converted to a voltage at the output of the TIA. The amplitude of this voltage is proportional to the capacitance changes of the accelerometer (C) in the flat-band region of the amplifier: where f d and |V d | are the frequency and amplitude of the drive signal and ϕ is its phase difference with the drive signal due to the speed limitations of the TIA and parasitics. The TIA's output signal is then applied to a synchronous demodulator. The output voltage of the demodulator circuit is:
where |V r | is the amplitude of the synchronous demodulator reference signal and ϕ is its phase difference with the drive signal. The low-pass filter removes the high frequency components outside of the bandwidth of the sensor. Knowing
and adjusting the reference signal to be in-phase with the TIA output (ϕ = ϕ ), the amplitude of the final output signal is:
The OPA656 FET-input operational amplifier from Texas Instruments was used for the transimpedance amplifier with an R f value of 100k. The AD835 analog multiplier from Analog Devices was used as the demodulator. The drive voltage frequency is set to 1MHz with maximum amplitude of 4.5V. The sensitivity of the circuit is ∼4.0V/pF. Considering that he sensitivity of the mechanical system is ∼1pF/g, the overall sensitivity of the accelerometer system is ∼4.0V/g.
V. EXPERIMENTAL RESULTS
Two sets of experiments, as described below, were conducted on packaged accelerometers. The first set of experiments was conducted in order to verify the basic performance metrics of the accelerometer using the typical research tools within our laboratory. The second set of experiments was conducted at our partner's underwater test facilities. These tests included frequency response specification and cross axis sensitivity performance analysis.
A. Laboratory Experiments
These experiments included frequency response specification, quality factor estimation, linearity analysis, and noise performance analysis. To study the frequency response of the sensor, it was tested on a high-frequency shaker while the vibration frequency was varied from 50Hz to 6kHz. However, due to the large size and structural discontinuities of the fixture and board, numerous resonance peaks were observed. In order to resolve this issue and eliminate contributions of the fixture and circuit board to the measured output of the sensor, the devices were tested electrostatically. The control electrodes above and below the proof-mass (see Fig. 2 ) were used to apply an electrostatic force to the proof-mass whose displacements were measured using the comb fingers. Using the test setup shown in Fig. 9 , the proof-mass was biased with a DC voltage of 1V and actuated with a 50mV AC signal applied differentially to the control electrodes whose frequency was swept from 50Hz to 6kHz. The applied electrostatic force would correspond to ∼1mg input acceleration signal.
The quality factor of the fundamental resonant mode was less than 1 at atmospheric pressures. As such, the resonant peak of the device was supressed. An experiment was performed using setup shown in Fig. 9 to evaluate the achievable quality factor values for the device. In this experiment, the frequency responses of the accelerometer under various pressures were recorded. Once a strong resonance peak was observed, the quality factor of the accelerometer was calculated at that pressure. As shown in Fig. 10 , the quality factor is inversely related to the ambient pressure. Fig. 11 shows the resonance characteristics of the accelerometer at a pressure of about 20Pa. The high quality factor pushes the resonance peak well above the background signal. The resonance frequency of the accelerometer was then measured to be 4.4kHz which is in good agreement with the simulated frequency of 4.6kHz. Fig. 10 .
Changes in quality factor as a function of ambient pressure, indicating viscous damping remains the main source of energy loss down to pressures as low as few pascals. In order to evaluate the linearity of the accelerometer system, the device was mounted on a fixture threaded to an electromagnetic shaker with its sensitive axis along the shaker excitation axis. For this test, the accelerometer was subjected to accelerations from 0.1g to 3g at 50Hz, 110Hz, and 200Hz frequencies. The results are shown in Fig. 12 . The maximum applied acceleration to the device was 3g, limited by the shaker used. As it is evident from Fig. 12 , there is no significant nonlinearity for input signals up to 3g. Based on this experiment, the nonlinearity of the device in the range of experiment was less than 0.7%.
Evaluating the noise performance of the accelerometer system was a significant part of this research. Mechanical Noise Equivalent Acceleration (MNEA) is found from equation (4) . The Electrical Noise Equivalent Acceleration (ENEA) is dominated by the TIA noise at the drive frequency and can be 
where v ne in V/ √ Hz is the spectral density of the voltage noise of the readout circuit and G s (V/g) is the system total gain. Circuit simulation predicted an output noise floor of 1μV/ √ Hz in the flat-band region of the readout circuit corresponding to ENEA of 0.25μg/ √ Hz. In order to verify the simulated results, output signal of the circuit was captured using National Instruments PXI-4462, a 24-bit, 204.8kS/s dynamic signal analyzer. The captured data was processed in MATLAB ® and the spectral density of the TNEA was extracted [31] . Fig. 13 shows the measured TNEA of the complete system in frequency domain. The observed 1/ f noise at frequencies below 1kHz is most likely from the active circuits that follow the demodulator (i.e., the low-pass filter and signal conditioning stage in Fig. 8 ). The total sensor noise between 1kHz and 5kHz is in good agreement with our simulation results. The low-pass filter attenuates the output noise at frequencies above 5kHz until it reaches the minimum noise floor of the measurement setup at around 10kHz.
The dynamic range of the sensor, defined as the ratio of the largest to the smallest measurable signals, is calculated to be better than 135dB in a 1Hz bandwidth. The smallest detectable signal was taken to be equal to total noise of the sensor (i.e., signal to noise ratio of 1). The largest signal we could apply to the device was about 3g, limited by our shaker's performance. 
B. Underwater Experiments
In this set of experiments, directional performance and frequency response of the accelerometer were evaluated in the underwater facilities using sonar signals.
In order to analyze the cross-axis sensitivity of the device, the accelerometer and its interface circuit were sealed and placed inside a pressure vessel which was acoustically matched to water. The system was placed inside a vibration-isolated pool at our partner's testing facilities. The module was left powered and submerged in the tank overnight to ensure a stable operating temperature. The test setup is shown in Fig. 14 . The pulsed sonar source was emitting sound waves at 3kHz. At the receiving end, the accelerometer assembly was rotated with a constant angular rate while the output of the accelerometer was recorded. Fig. 15 illustrates the magnitude of the sensor output versus the deviation angle from the sonar source on a polar plot, where at 0 • , the accelerometer sense axis is perpendicular to the acoustic source emission axis. As can be seen, the cross-axis sensitivity of the accelerometer exhibits nulls of better than 30dB along the directions normal to the desired axis of sensitivity. Using the setup shown in Fig. 14 at a fixed angle, the dynamic response of the accelerometer was also measured. In this test, the pulsed sonar source generated signals from 500Hz to 11kHz, and the output of the accelerometer was recorded. The result is shown in Fig. 16 .
A summary of the measured performance metrics for the developed accelerometer system is shown in Table 1 . This data was used in Fig. 1 to provide a context for this work in relative to previously reported.
VI. CONCLUSIONS
This paper reported on the development and characterization of a high-performance micromachined accelerometer that can be used for the detection of sonar signals. We presented a method to increase the operating bandwidth of micromachined accelerometers while maintaining a high sensitivity and lownoise. The proof-mass of the accelerometer was a moving frame that provided a large area for sensing electrodes whose undesired vibration modes were suppressed by placement of anchors and elastic elements within and around it. The developed accelerometer could achieve a noise level of less than 350ng √ Hz while maintaining a wide bandwidth of 4.4kHz. The stiffness of the structure allowed for achieving a dynamic range of better than 135dB. To the best of our knowledge, this combination of high performance metrics is unprecedented for micromachined accelerometers.
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